We have studied the φ(1020)a 0 (980) S-wave scattering at threshold energies employing chiral Lagrangians coupled to vector mesons by minimal coupling. The interaction is described without new free parameters by considering the scalar isovector a 0 (980) resonance as dynamically generated in coupled channels, and demanding that the recently measured e + e − → φ(1020)f 0 (980) cross section is reproduced. For some realistic choices of the parameters, the presence of a dynamically generated isovector companion of the Y (2175) is revealed. We have also investigated the corrections to the e + e − → φ(1020)π 0 η reaction cross section that arise from φ(1020)a 0 (980) re-scattering in the final state. They are typically large and modify substantially the cross section. For a suitable choice of parameters, the presence of the resonance would manifest itself as a clear peak at √ s ∼ 2.03 GeV in e + e − → φ(1020)π 0 η.
Introduction
Our understanding of light hadron spectroscopy has been challenged in recent years by the discovery of several exotic states that cannot be easily accommodated into the quark model picture [1] . One of them is the resonance φ(2170) [2] (or Y (2175), as we will refer to it from now on). The Y (2175) was first observed by the BABAR Collaboration [3, 4] with mass M Y = 2175 ± 10 ± 15 MeV and width Γ Y = 58 ± 16 ± 20 MeV [3] in the e + e − → φ(1020) f 0 (980) reaction, and also found by BES in J/Ψ → η φ(1020) f 0 (980) decay with M Y = 2186 ± 10 ± 6 MeV and Γ Y = 65 ± 23 ± 17 MeV [5] . The Belle Collaboration has performed the most precise measurements up to now of the reactions e + e − → φ(1020)π + π − and e + e − → φ(1020)f 0 (980) finding M Y = 2079 ± 13 
+25
−61 MeV [6] . The obtained width is larger than in previous measurements but the error is large. The same feature has been found in a combined fit to both BABAR and Belle data on e + e − → φ(1020)π + π − and e + e − → φ(1020)f 0 (980), yielding M Y = 2117 [7] . These experimental findings have triggered a significant theoretical activity aimed at unraveling the nature and properties of this resonance. It has been interpreted as a tetraquark [8, 9, 10] , with a mass of 2.21 ± 0.09 GeV [8] or 2.3 ± 0.4 GeV [9] calculated using QCD sum rules. It has also been identified with the lightest hybrid ssg state [11] with mass in the range 2.1-2.2 GeV [12, 13] and a width of 100-150 MeV [11] . Conventional ss states in 2 3 D 1 or 3 3 S 1 configurations have been considered as their masses are expected to be compatible with that of the Y (2175). The width of the 2 3 D 1 state is estimated to be 150-210 MeV [14] while the 3 3 S 1 is disfavored due to the rather large (∼ 380 MeV [15] ) predicted width. The large width obtained in Ref. [16] also makes the interpretation of the Y (2175) as a dynamically generated excited state of the φ(1020) meson, within the multichannel generalization of the resonance-spectrum expansion model [17, 18] , quite unlikely but further improvements of the model might change this conclusion [16] . Reference [19] studies the three-body KKφ(1020) scattering with two-body interactions taken from unitarized chiral perturbation theory [20, 21] and a resonance with 2170 MeV of mass but a width of only 20 MeV is generated. In Ref. [22] we obtained a good description of the e + e − → φ(1020)f 0 (980) scattering data in the threshold region (∼ 2 GeV) using chiral Lagrangians coupled to vector mesons, supporting the conclusion that the Y (2175) has a large mesonic φ(1020)f 0 (980) component.
In this contest, it is relevant to establish whether there is an isovector companion of the isoscalar Y (2175). Such an investigation will help constraining theoretical models and their parameters, leading to a better understanding of meson properties in the energy region around 2 GeV. In particular, the Faddeev-type calculation of Ref. [19] that obtains the Y (2175) as a dynamically generated state finds no resonance in the isovector φ(1020)a 0 (980) S-wave channel. Experimentally, this isovector resonance could show up in e + e − → φ(1020)a 0 (980) → φ(1020)π 0 η, as suggested in a recent theoretical study of this process [23] . It could also be observed in the e + e − → φ(1020)K + K − reaction because the a 0 (980) couples strongly to K + K − [24] . One should stress that the calculations of Refs. [23, 24] do not take into account φ(1020)a 0 (980) final state interactions (FSI) which, resonant or not, could be large and have a sizable impact on the predicted cross sections.
In this article we apply the formalism of Ref. [22] to the S-wave φ(1020)a 0 (980) scattering and discuss the possible presence of an isovector J P C = 1 −− dynamically generated resonance around the φ(1020)a 0 (980) threshold for parameters that satisfactorily describe the isoscalar φ(1020)f 0 (980) channel. FSI corrections to e + e − → φ(1020)a 0 (980) → φ(1020)π 0 η are also studied. The formalism for φ(1020)a 0 (980) scattering is developed in Sec. 2 followed by the derivation of the scattering amplitudes. Section 3 contains the results and discussions thereof. Our concluding remarks are given in Sec. 4.
2 Derivation of the φ(1020)a 0 (980) scattering amplitude
In order to obtain the φ(1020)a 0 (980) amplitude we follow closely our previous paper [22] , replacing the isoscalar f 0 (980) by the isovector a 0 (980). First, the scattering of the φ(1020) resonance with an S-wave neutral pair of the lightest pseudoscalar mesons in isospin I = 1 is investigated. Two types of meson pairs are then possible, namely, |1 ≡ |KK I=1 and |2 ≡ |π 0 η 8 (already a pure I = 1 state.) The following channels result
Both φ(1020)a 0 (980) S-and D-waves contribute to the 1 −− channel but since we are interested in the threshold region around 2 GeV, D-wave terms can be neglected. They are suppressed by powers of |p| 2n , where |p| is the three momentum of the φ(1020)a 0 (980) pair in the center of mass (CM), and n = 1, 2 is the number of φ(1020)a 0 (980) D-wave initial and final states involved. Moreover, as both φ(1020) and a 0 (980) are very close to the KK threshold, the amplitude at tree level is dominated by diagram Fig. 1a include the local term of Fig. 1b because the off-shell part of the four-pseudoscalar-meson vertex can cancel the kaon propagator generating local terms. Therefore one has to consider simultaneously the sum of amplitudes from both diagrams as any splitting would depend on field parameterization. a b The required vertices can be obtained from the lowest order SU(3) chiral Lagrangian [25]
with f the pion weak decay constant in the chiral limit, that we approximate to f π = 92.4 MeV. The octet of the lightest pseudoscalar fields are included in U as
Assuming minimal coupling, the covariant derivative D µ U incorporates the lightest octet of vector resonances v µ as external fields:
where g is a coupling constant. We have assumed ideal mixing, so that φ = − 5) vertices in the V 2 Φ 2 Lagrangian of Eq. (2.5). See Ref. [22] for a detailed analysis where all the other tree-level diagrams originating from the same set of Lagrangians employed are discussed and shown to be suppressed compared to Fig. 1a .
and m π and m K are the pion and kaon masses. To construct the (1 → 1) amplitude we cast |KK I=1 as
with k 1 and k 2 the kaon four-momenta. The global minus sign appears because we identify |K − = −|I = 1/2, I 3 = −1/2 to be consistent with the convention adopted in the chiral Lagrangians Eq. (2.3). We denote the amplitudes for the reaction channels
as T cc , T nc , T cn and T nn , from top to bottom. These amplitudes were calculated in Ref. [22] for the diagrams of Fig. 1 assuming isospin symmetry. The result for diagram Fig. 1a is
with ε → 0 + . For the contact term (diagram of Fig. 1b ) the result is
Taking into account Eq. (2.6) one finds for the (1 → 1) channel of Eq. (2.1)
where
cc (and analogously for T nn , T cn and T nc ). Therefore,
Proceeding in the same way, the (1 → 2) and (2 → 1) amplitudes are found to be
are the four-momenta of the initial (final) pseudoscalars. The Gell-Mann-Okubo mass relation m 2 η = 4m 2 K /3 − m 2 π /3 has been used to simplify the final expressions. Notice that there is no local term due to a cancellation between the contact term from Fig. 1b and the local part from Fig. 1a . Finally, (2 → 2) is absent at tree level because there are no φ 2 Φ 2 or φ 2 Φ 4 vertexes with only π 0 and η mesons. Because of the absence of the contact terms for (1 → 2), (2 → 1) and (2 → 2) there is no need to further consider these processes in order to obtain the φ(1020)a 0 (980) interaction kernel. It can be obtained directly from (1 → 1), as it is explicitly worked out below.
... ... Next, we consider initial-and final-state re-scattering of the pseudoscalar mesons in I = 1 and S-wave from the diagrams in Fig. 1 , as shown in Fig. 2 for the nonlocal part of the interaction. The re-scattering chains, made of KK and π 0 η pairs, contain the poles of the initial and final a 0 (980) resonances [26, 27, 20, 28, 29] . Below, the residue at the a 0 (980) double pole will be identified as the a 0 (980)φ(1020) interaction kernel K φa 0 . We follow Refs. [20, 28, 29] , where the I = 1 S-wave meson-meson scattering was studied with KK and π 0 η coupled channels, and the a 0 (980) resonance was dynamically generated from the meson-meson self-interactions. This conclusion is also shared with other approaches like Refs. [27, 26] . The I = 1 S-wave meson-meson amplitudes T ij fulfill the Bethe-Salpeter equation in coupled channels [20, 28] T 14) where the indices i, j, m = 1, 2 denote the KK and π 0 η channels. The T -matrix is given in terms of the on-shell part of the I = 1 S-wave meson-meson amplitudes at tree level K ij and the KK and π 0 η unitary scalar loop functions, G 1 and G 2 in this order. #2 Notice that the K ij factorize in Eq. (2.14) [20] . They #2 The expressions for G φa0 given in Eqs. (2.26) and (2.27), obtained from a dispersion relation and with cut-off regularization, respectively, are also applicable here after the appropriate replacement of masses.
are calculated from L Φ 4 , Eq. (2.5), with the resulting expressions [20] 15) with k 2 being the invariant mass squared of the meson pair.
In presence of re-scattering of the initial and final two-body hadronic states, the dressed amplitudes M ij can be cast as
16)
The first (last) term in parentheses accounts for the initial (final) state interactions between the pair of pseudoscalar mesons in I=1 and S-wave. For its derivation and other applications see Refs. [30, 31] . The V mn part, which contains the φ(1020) interaction with the pseudoscalar pair projected into S-wave, consists of two terms,
mn . The first one is a local term, present only in the (1 → 1) channel as shown above. From Eq. (2.12) 17) where only the leading non relativistic contribution to ǫ(p, s) · ǫ ′ (p ′ , s ′ ) ≈ −δ ss ′ has been kept; this approximation is justified for small φ(1020) (and a 0 (980)) velocities in the φ(1020)a 0 (980) CM frame. The second term V
(t)
mn is given by the triangular loop diagrams depicted in Fig. 3 with only kaons in the internal lines. For the Φ 4 vertices we take only the on-shell amplitudes of Eq. (2.15). The off-shell parts are proportional to the inverse of kaon propagators and cancel with them in the calculation of the loop, giving rise to amplitudes that do not correspond anymore to the dominant triangular kaon-loop but to other topologies [20, 22] . Nonetheless one should bare in mind that some of these sub-leading contributions may alter the contact term, fixed above from the tree level amplitudes. We obtain 
k 2 (k ′2 ) stand for the invariant mass squared of the initial (final) pseudoscalar-meson pair. Inside the integral we take k 2 = k ′2 , which holds at the a 0 (980) double pole. We account for the S-wave projection by averaging over cos ρ with ρ the relative angle between φ(1020) incoming (p) and outgoing (p ′ ) momenta in the CM frame. In terms of this angle Q 2 = −2p 2 (1 − cos ρ). As for the contact term we approximate
Further details on the derivation of the triangular-loop amplitude can be found in Ref. [22] . #3 Altogether,
Substituting the previous expression in Eq. (2.16) and using Eq. (2.14) one finds that
Now we proceed to extract the φ(1020)a 0 (980) interaction kernel. For this purpose we notice that the scattering amplitude T 11 (k 2 ) contains the a 0 (980) resonance pole with residue
where M 2 a 0 denotes the a 0 (980) pole position. Therefore,
The 1/γ 2 KK factor appears because M 11 contains two extra a 0 (980) → |KK I=1 couplings that should be removed in order to isolate the a 0 (980) resonances.
Finally, the φ(1020)a 0 (980) S-wave scattering amplitude is
For a general derivation of this equation, analogous to Eq. (2.14), based on the N/D method see Refs. [28, 32] . Using dispersion relations, the φ(1020)a 0 (980) loop function, G φa 0 , is found to be [28] with ∆ = M 2 φ − M 2 a 0 . While the renormalization scale µ is fixed the to value of the ρ meson mass, µ = 770 MeV, the subtraction constant a 1 has to be fitted to data [28] . The loop-function can also be regularized with a three-momentum cut-off q max [20] , 27) with w i = m 2 i + |k| 2 . #4 It is instructive to compare the real part of the G φa 0 functions that result from the two methods. For this we fix M a 0 = 1.009 GeV, corresponding to the pole mass obtained in Ref. [20] . The comparison is presented in Fig. 4 . On the left panel, Eq. (2.26) is evaluated varying the subtraction constant a 1 from −1.0 to −3.5 in steps of −0.5 starting from the top while on the right one, Eq. (2.27) is plotted for q max between 0.8 and 1.2 GeV (around the typical hadronic scale ∼ 4πf π ) in steps of 0.1 GeV from top to bottom. We observe a significant overlap between both functions in the threshold region (∼ 2 GeV) for values of a 1 between −3 and −2. This interval contains indeed the a 1 values obtained in Ref. [22] by fitting the e + e − → φ(1020)f 0 (980) cross section. This coincidence is interpreted as an indication that the Y (2175) resonance is to a large extent dynamically generated. Now, we investigate this possibility for the I = 1 S-wave φ(1020)a 0 (980) scattering. Cut-off #4 Of course, this regularization procedure spoils the analytical properties of G φa 0 .
3 Results and discussion
Possible φ(1020) a 0 (980) resonances
In this investigation, we consider two possibilities for the a 0 (980) properties (pole position and residue), as they depend on the adopted approach. In the first one, the Bethe-Salpeter (BS) equation for mesonmeson scattering was solved using cut-off regularization for the loop function [20] . In the second case, the N/D method was used with the meson-meson loop function obtained with a dispersion relation [28] . It additionally includes the s-channel exchanges of tree-level scalar resonances, corresponding to a flavor singlet of mass close to 1 GeV and a higher octet of mass around 1.4 GeV. #5 In both studies the KK and π 0 η coupled channels were considered for I = 1. The a 0 (980) properties extracted in these references are listed in Table 1 . Furthermore, we employ two sets of values for the coupling g and the φa 0 subtraction constant a 1 corresponding to the values we obtained in Ref. [22] by fitting BABAR [4] and Belle [6] data on e + e − → φ(1020) f 0 (980). The first of the fits corresponds to Fit 1 of Ref. [22] , with mass and couplings for the f 0 (980) resonance from Ref. [34] , while the second one is similar to Fit 2 of Ref. [22] but obtained with slightly different values of the f 0 (980) mass and KK residue (γ 2 f 0 KK ), corresponding to those values of Ref. [28] . The f 0 (980) properties from Refs. [34, 28] and the resulting fit parameters are collected in Table 2 . #6 Notice that g 2 < 0. As remarked in Ref. [22] , g 2 should be understood as a parameter characterizing the φ(1020)K scattering around its threshold, with presumably large influence from the I(J P ) = 1 2 (1 + ) K 1 (1400) resonance [2] , which would determine the negative sign for g 2 . Table 2 : Fits to BABAR [4] and Belle [6] e + e − → φ(1020) f 0 (980) data for two different choices of the f 0 (980) properties according to Ref. [34] (top) and [28] (bottom).
We calculate |T φa 0 | 2 for the four possible combinations of the parameter sets in Tables 1 and 2 . As mentioned above, some of the discarded contributions to the triangle loop could modify the local term in Eq. (2.24) . For this reason, we first exclude the local contribution and concentrate on the more robust triangular topology. The |T φa 0 | 2 dependence on the φ(1020)a 0 (980) invariant mass is shown in Fig. 5 . All the curves show a prominent enhancement below the φKK threshold (2.01 GeV) that hints at the presence of a dynamically generated resonance located quite close but above the φπ 0 η threshold #5 The a0(980) pole position obtained with the N/D approach is almost identical to the one obtained with the Inverse Amplitude method [33] . #6 The difference in the subtraction constant a1 from both sets is too small to be significant. Tables 1, 2. (1.7 GeV). For Fit 2, the peak is narrower and has a maximum at a higher √ s but it is 2.5 times weaker than for Fit 1 (notice the different scales in the plots).
Let us now take into account the local term in the kernel as given in Eq. (2.24). For the sake of consistency the KK unitarity scalar loop function, G 1 (k 2 ), is evaluated making use of the same regularization procedure employed in generating the a 0 (980) resonance from Refs. [20, 28] . Hence, when the BS set is used, G 1 (M 2 a 0 ) is computed using a cut off regularization with q max = 1 GeV [20] while, when the N/D parameters are considered, G 1 (M 2 a 0 ) is obtained from a dispersion relation with the renormalization scale fixed at the ρ mass, µ KK = 0.77 GeV, and a subtraction constant of a KK = −0.81 [28] . The new results are shown in Fig 6. In the BS case, for both Fits 1, 2, the enhancements observed before in Fig. 5 are flatten away by the presence of the local term. This agrees with the results of Ref. [19] , that also makes use of the meson-meson amplitudes from Ref. [20] , where no isovector 1 −− resonance was generated. Remarkably, when the N/D set is employed the resonance peak is still clearly seen, and at a higher invariant mass with respect to Fig. 5 , but with a |T φa 0 | 2 smaller by almost a factor two. Considerable differences between BS and N/D results are also observed above √ s > 2.2 GeV: while the BS curve goes fast to zero, the N/D one remains nearly flat at least up to √ s = 2.6 GeV. The main difference between the two choices has to do with the actual value of the coupling squared γ 2 KK , particularly for its imaginary part. In this way, if the BS [20] a 0 (980) pole position in Table 1 were used with the couplings of the N/D [28] pole one would obtain also φ(1020)a 0 (980) broad peaks similar to those shown by the dashed lines in Fig. 5 . In Ref. [22] it was found that the fits to BABAR [4] and Belle [6] data in the region of the Y (2175) resonance were stable against variation of the contact term in the φ(1020)f 0 (980) kernel. Now there is more sensitivity because the a 0 (980) pole positions (Table 1) are not so close to the KK threshold as the f 0 (980) ones (Table 2) . For this reason, the three point function L S , Eq. (2.19), is smaller than in the f 0 (980) case so that interferences with smaller contributions are more In Fig. 7 we show real and imaginary parts of the interaction potential K φa 0 for Fit 2 and both BS and N/D sets. In the region of √ s = 1.6-2.2, where |T φa 0 | 2 has a peak in the N/D case, the imaginary parts corresponding to BS and N/D are quite similar. Instead, the real part for the N/D choice is positive (attractive) in the hole energy range of interest and larger than the BS real part, which even turns negative (repulsive) at √ s < 1.77 GeV. This explains the large differences observed in |T φa 0 | 2 . One should stress that K φa 0 has an imaginary part due to a number of reasons: the finite a 0 (980) width, responsible for the imaginary part of the a 0 (980) pole position, the fact that γ 2 KK is complex, and also the imaginary part of G 1 (M 2 a 0 ). Actually, K φa 0 should be interpreted as an optical potential. #8
#7 It is important to remark that the presence (or absence) of a resonance in the threshold region for the a0(980)φ(1020) S-wave amplitude does not depend on the precise value of the subtraction constant a1 as far as it has a natural value −3 a1 < 0. #8 To ensure a continuous limit to zero a0(980) width, one has to evaluate K φa 0 at the a0(980) pole position with positive imaginary part so that k 2 → Re [Ma 0 ] 2 + iǫ, in agreement with Eq. (2.20) . Instead, in G φa 0 , Ma 0 should appear with a negative imaginary part to guarantee that, in the zero-width limit, the sign of the imaginary part is the same dictated by the iǫ prescription of Eq. (2.27). Such analytical extrapolations in the masses of external particles are discussed in So far, the a 0 (980) pole position has been used as a complex value for the M a 0 mass. It is instructive to calculate the amplitude squared taking instead a convolution over the a 0 (980) mass distribution determined by its width, so that only real masses appear now in G φa 0 , which has then its cut along the real axis above threshold, as required by two-body unitarity with real masses. Namely, we calculate
with T φa 0 (s, M a 0 , W ) defined as
and the normalization
Re (M a0 ) and Im (M a 0 ) are the real and (positive) imaginary part of the a 0 (980) pole position. The integration interval around the maximum of the distribution, characterized by δ, should be enough to cover the region where the a 0 (980) strength is concentrated. In Fig. 8 we compare the results obtained in this way with those obtained from Eq. (2.25) at a fixed complex M a 0 . This is done for Fit 2, both BS and N/D parameters and using δ = 5 Im (M a 0 ). Only small differences arise in the hight of the peak so that one can conclude that the two approaches produce the same qualitative features, as one would expect based on physical reasons. [20] and the right one to that of Ref. [28] (see Table 1 ).
3.2 φ(1020) a 0 (980) scattering corrections to e + e − → φ(1020)π 0 η
The findings described above have direct implications for the e + e − → φ(1020)π 0 η reaction with the π 0 η invariant mass in the a 0 (980) mass region. #9 This process has been investigated in Ref. [23] where the presence of the a 0 (980) is properly taken into account by replacing the lowest order KK → πη tree level vertex from L 2 Eq. (2.2) by the unitarized amplitude of Ref. [20] . However, the corrections due to φ(1020)a 0 (980) re-scattering (FSI) were not included. Here we consider the impact of these FSI on the total e + e − → φ(1020)π 0 η cross section using the previously derived φ(1020)a 0 (980) amplitude. Under the assumption that the e + e − → φ(1020)π 0 η reaction is dominated by the φ(1020)a 0 (980) channel, the cross section after FSI can be cast as [22, 31, 30] σ F SI = σ 0 1 1 + K φa 0 (s)G φa 0 (s) 2 .
(3.4)
We take σ 0 from Ref. [23] (Fig. 5) , which was obtained by integrating the πη invariant mass M πη in the a 0 (980) region (850-1100 MeV) so that our assumption of φa 0 dominance is justified. The results are shown in Fig. 9 for the different parameter sets. We find considerable FSI corrections. In particular, for Fit 1 the reduction of the cross section is large, even a factor five at some energies. With the BS choice, #9 Here, for simplicity, we identify the η8 state with the physical η particle, neglecting η8 − η1 mixing. This is also done in Refs. [20, 28] , from where the meson-meson scattering amplitudes in the a0(980) channel have been obtained. New studies indicate that the a0(980) coupling to πη ′ is very small [38] .
the cross section does not exhibit any structure and is smoother than the one without FSI. Instead, for the N/D set a peak (quite prominent for Fit 2) is observed at √ s ∼ 2.03 GeV. These results clearly show the interest of measuring experimentally the πη invariant mass distribution so as to confirm the existence of this new isovector J P C = 1 −− resonance that would be observed as a clear peak in data. The existence of this resonance is favored by our results since it appears when the a 0 (980) properties from the later and more complete N/D [28] calculation are adopted. 
Summary and conclusions

